depend mostly on the user behavior in buildings [6] . That is to say, when characteristics of illumination in indoor spaces (e.g., office rooms) are concerned with regard to the NIF light effects, relevant radiometric or photometric quantity in context with directionality and spectrum are to be studies and measured. The term directionality refers to the incidents of radiation. The relevant radiometric quantity to be determined when the NIF light effects are concerned is the weighted irradiance at the eye [7] [8] [9] .
To quantify NIF light effects, the spectral sensitivity of the NIF system, which differs from that of an IF system (photopic vision) should be considered. Since the spectral sensitivity of the NIF system is not standardized yet, one can weigh the measured spectral irradiance with the spectral sensitivity of all photoreceptors (ipRGCs, rods, and cones) involved in the stimulation of NIF effects or with the spectral sensitivity of a biomarker for the respective NIF effects. For instance, in laboratory experiments with human subjects, nocturnal suppression of melatonin, the hormone that regulates the sleep-wake cycle, has often been chosen as a biomarker for the NIF system. In doing so, one can choose the spectral sensitivity of melatonin suppression at night e.g., C(λ) [10] and determine weighted irradiance with respect to C(λ) instead of illuminance when the NIF light affects are concerned.
The majority of commercially available lighting measurement instruments are designed to measure light with respect to its IF effects. This is due to the fact that current standards for (day)lighting design are solely based on the IF system. As the attention to NIF light effects amongst (day)lighting professionals and the attempts to include these effects in (day)lighting design and evaluation [11] [12] [13] [14] is increasing, so does the need for a correct measurement method and instrument. The existing wearable devices that measure illuminance and weighted irradiance are designed to characterize the personal light history [15] . They do not record the NIF characteristics of illumination in a given space.
Directionality of light is another key factor for the stimulation of NIF effects. In studies that have investigated light directionality [16] [17] [18] [19] , four distinct retinal areas have been distinguished: inferior (lower side), superior (upper side), nasal (on the nose side), and temporal (on the ear side) areas. Relative to a point of gaze, retinal areas have an inverse relationship with the visual fields as shown in Figure 1 . These areas in the retina or visual field are not strict regions but rather a rough indication.
Figure 1. The reverse relationship between the visual fields and the retinal areas. The inferior retina corresponds to the upper visual field (orange color), the superior retina to the lower visual field (green color). For the right eye, the nasal retina corresponds to the outer visual field (blue color) and the temporal retina to the inner visual field (red color).
Findings from nighttime laboratory experiments on light directionality have shown that melatonin suppression was significantly higher (p<0.05) when the inferior [16, 17] and the nasal [18, 19] human retinal areas were illuminated compared to the superior and the temporal ones. Whether the inferior and nasal areas are more sensitive when NIF effects are concerned or contain a higher density of ipRGCs and thus are more effective is still unknown [16] .
Light directionality and spectrum has been considered in different measurement methods and instruments for outdoor applications in which the aim was to perform multidirectional spectral measurements of sky radiance [20] [21] [22] [23] [24] . In some methods, fish-eye-lenses have been applied to improve the spatial and temporal resolution at the cost of a low spectral resolution [25] [26] [27] . Although some filtering methods have been introduced to improve the spectral resolution of such systems [28, 29] , the improved spectral resolution is lower compared to measurements with spectroradiometers.
Directionality of light, in addition to its spectrum, has not been considered in describing the NIF characteristics of the illumination in indoor spaces yet. Including light directionality in measurements is particularly important for spaces where the light directionality changes constantly and fast. This is the case for day-lit environments, as daylight is dynamic in the spectrum as well as in the radiance distribution [20] .
Recently, an instrument is developed particularly for spectral radiance measurement of the sky simultaneously in 113 directions [27] . Although the spectral and directional (spatial) resolution provided by this method is high, such directional resolution may not be needed for investigation of the ocular NIF characteristics of the illumination inside a space. Therefore, in this paper we introduce a measurement method for NIF light effects including a simpler instrument for investigation of the ocular NIF characteristics of the illumination indoor.
Proposed measurement method and instrument design
An instrument called Multidirectional Spectroradiometer (MuS) is developed including four spectrometers to enable simultaneous multidirectional spectral measurements. Doing so, in a most simplified manner, it mimics the retina. Four spectrometers (Ocean Optics USB4000) using optical fibers (Ocean Optics QP400-2-SR-BX) were set up to measure the spectral irradiance within a wavelength range from 200 nm to 1100 nm with the pixel resolution of ~5.7 nm. Because of their placement in the MuS, each fiber (see Figure 3 ) is assumed to represent a visual field/retinal area, but can also unravel lighting conditions, such as with daylight, that have a high variety in incident radiation as well as its spectral and spatial distribution.
Spectrometers often receive some stray light especially in the ultraviolet spectral range [30] . Sophisticated methods have been developed to correct for such phenomena [31] . Since the focus in this paper is on the visible radiation in indoor spaces, the influence of stray ultraviolet radiation is not further investigated.
A schematic drawing of the MuS is shown in Figure 2 . The instrument consists of a black coated aluminum ring (D=240 mm) designed to house the spectrometers without bending. The ring is fixed on a tripod allowing a position with different heights and orientations. For simultaneous measurements, spectrometers are connected to a computer via a USB extension hub. The MuS can be rotated by 90° to cover both horizontal (nasal, temporal) and vertical (superior, inferior) visual fields. The angle of rotation is controlled with the help of two levelers, which are placed on the ring and the tripod. Changing from the vertical to the horizontal positions, care should be taken to avoid significant bend. The influence of bending has not been investigated as in this study as the MuS is used only for measurements in the vertical position. By attaching the fibers to different openings within the ring, each fiber looks at a different direction (area in the visual field), without an overlap between their field of view (FOV) (25°, specified by the manufacturer) to probe and cover the visual field. This result in fibers mounted at positions -25°, 0°, 25°
and 50°, as shown in Figure 2 . A control measurement has been performed to measure the actual practical FOV of the fibers (see section 3.1). Figure 3 shows the areas of the visual field probed by the fibers on a binocular visual field after Boyce [5] for the horizontal and vertical orientation of the MuS. For its horizontal orientation, the fiber placed at -25° represents the inner (nasal) visual field; the fiber positioned at +25° and +50° represent the outer (temporal) field. For the vertical orientation, the fiber placed at -25° represents the lower visual field; the fiber placed at +25° represents the upper visual field. The fourth fiber placed at +50° above the reference meter represents the extended upper visual field. It was decided to have a larger upper visual field instead of lower visual field to better record dynamic spectral radiance distribution of the sky in daylight measurements. Moreover, one fiber is placed at 0° to serve as a reference point when the ring is rotating. irradiates the full FOV of the fibers. Calibration results are given in the unit of irradiance [32] . To start the measurements, for every spectrometer, the dark spectrum was acquired and the calibration file was uploaded. The integration time during which light is captured should be adjusted for a constant and correct spectral measurement of rapidly changing daylight conditions (e.g., partly cloudy sky conditions with moving clouds). Therefore, a custom-made software has been developed using Microsoft Visual Studio 2015 and
Ocean Optics spectrometer libraries (NETOmniDriver-NET40.dll and NETSpam-NET40.dll). The software enables an automated adjustment of the integration time for any specified time step to avoid saturation. As a result, the integration time is a dynamic variable. The initial integration time is set to 500 milliseconds. Integration time adjustments occur in steps of ±10% of the latest integration time. The integration time was adjusted when the maximum photon count is not within the defined limits of 55000 (upper) and 45000 (lower) count. The limits were set respectively at the 85% and 70% of spectrometer's capacity of 65000 counts. In between sampling time (60 seconds), it was checked (every 5 seconds)
whether the integration time corresponds to the rapidly changing daylight conditions. If the integration time was not within the defined boundaries, it was adjusted accordingly. Table 1 shows the data acquisition parameters, their description, and implemented input. Spectral data were saved every minute in a .txt file and gathered simultaneously for all spectrometers. Data files included a header and three columns of results showing the absolute power and the photon count information per wavelength (ranging from 200 to 1100 nm in 3648 pixels). In the header, the adjusted integration time is included as well as a saturation message in case the adjustment of the integration time was not fast enough to avoid saturation. The first and second tests were conducted in a windowless test room (test room 1) located at the Eindhoven University of Technology, the Netherlands. Figure 5 shows the measurement set-up designed for the test 1. The set-up includes a black flat surface with a semi-cylindrical shape with a radius of 0.62 m, which was placed at 0.62 m horizontal distance from the center of the MuS (0.50 m from the endpoints of the fibers). A small LED light source (XLamp XB-D Series/Royal blue/465 nm) was used as a point source and was mounted on the black surface. The light source was powered with a stabilized power supply at constant electric current (0.170 A ± (<= 0.5% + 5mA)). The LED was moved along the black surface in steps of one-degree (shown with black lines in Figure 5 ) from each individual fiber's head. The FOV of the fibers can be spectral dependent [27] . However, the choice for LED light was made such that it coincide with the peak of C(λ) at ~ 460 nm. The expected 25° FOV of every fiber is shown in Figure 5 with dashed lines. For every fiber, 31 measurement points were recorded (-15° to +15°). This test was performed in dark and the LED light was the only light source switched on in the room. Test room 1 (dimensions 3.6 m x 4.8 m x 2.8 m) was equipped with electric lighting, which was used to perform the second test. The lighting in the test room consisted of luminaire tiles (dimensions 1.2 m x 1.2 m) with a uniform diffuse cover (Philips Strato Sky TPH710 4*2*TL5 28W/827/865). Twelve luminaires in a three by four grid covered the ceiling, and three walls held three luminaires each at a height of 0.8 m.
Every luminaire tile consisted of 4 x 2 TL5 lamps of 28W each with two different color temperatures (CCT = 2700 K and 6500 K). The walls were white (luminous reflectance ρ = 0.83) and the floor was covered with a blue carpet (ρ = 0.20). Two lighting scenarios were implemented in test 2.
For the first lighting scenario, one wall luminaire (LumW) was used with 2700 K lamps to represent a virtual window and a direct light source. In the second lighting scenario, two luminaires were used: one wall luminaire (LumW) with 2700 K lamps and one ceiling luminaire (LumC) with 6500 K lamps. The ceiling luminaire was added to represent a virtual skylight and an indirect light source. The MuS (0 o fiber) was set at a height of 1.4 m, facing the middle of the wall luminaire, and placed in the middle of the room at 1.0 m distance (desk width) from the wall. Other furniture in the room were an office table, a chair, and computer equipment with two monitors, located behind the setup. Figure 6 shows a floor plan and a crosssection of test room 1 including the MuS and the furniture. For test 3, the MuS was moved to test room 2, which has access to daylight. The room (dimensions 3.8 m 
Results
For post-processing, data from the multidirectional spectral measurements were analyzed using Python 3.5.1 (Anaconda3 4.0.0 64-bit) and MATLAB (R2016a). Total irradiance depends on the incident radiation (radiant flux) and the angle of incidence coming from all directions (π rad). Because measurements in this paper were performed with (bare) fibers with a limited FOV, we report the relative contributions to the total irradiance from each fiber.
The measured spectral data were averaged over 5 nm intervals for the visible wavelength range from 380 nm to 780 nm. Reported spectral data are result of a typical (single scan) measurement with scans to average and boxcar width of 3 and 5 respectively. Moreover, the relative contributions to the total irradiance values from each fiber were weighted by three action spectra: the C(λ) curve which represents an action spectrum for the NIF system [10] , the melanopic curve that represents the action spectrum of ipRGCs [7] , and the V(λ) curve as the action spectrum for photopic vision. By doing so, the contributions to the total irradiance from each fiber as well as the contributions to the weighted total irradiance with respect to the C(λ), the melanopic, and the V(λ) curves were calculated. Contributions to the weighted irradiance from the FOV (with respect to the effect X) were calculated using the following formula. 
Practical field of view (FOV)
Knowing the practical FOV of the fibers is essential for reasoning about the differences in the relative contributions from each fiber to the total irradiance and thus the validation of the results. Figure 8 shows the result of the practical acceptance angle measurements for all fibers.
The results show a similar trend: a rising edge when the light source enters the FOV of the fiber, a peak when the light source falls fully within the FOV of the fiber, and a falling edge when the light source exits the FOV of the fiber. The practical FOV of every fiber is defined as the area at which 99% of the light is collected. As a result, the FOV of the fibers positioned at +50°, +25°, 0°, and -25° was found to be 17°, 18°, 18°, and 20°
respectively. Note that these FOVs are smaller than the commercially reported FOV of 25°, which has been determined by projecting light through the fiber and measuring the maximally visible size of the projected disk. If the practical FOV was larger than 25 o , adjustments had to be made to avoid overlap between the FOV of the fibers. This is not the case for the FOV smaller than 25 o as the aim is that every fiber represents an exclusive visual field/retinal area.
Alignment of the MuS
Two static lighting scenarios were implemented in the test room 1, to test the alignment of the MuS with measured surfaces (e.g., wall luminaires) and to study the influence of direct and indirect light on measurements. Figure 9 shows the lighting scenario with both LumW and LumC switched on (second lighting scenario), the placement of the MuS, and the measuring station as well as the reported practical FOV of every spectrometer. This configuration was chosen such that the +25° and -25° fibers' distances from the wall were identical. The reference fiber (0°) faced the LumW entirely, while the +25° and -25° fibers partially faced the LumW and partially the wall above and below the luminaire respectively. The +50° fiber faced the wall above the LumW and a part of the LumC. Our first hypothesis was that in the first lighting scenario with only the LumW switched on, the +25° and -25° fibers collect similar relative contributions to the total spectral irradiances. Our second hypothesis was that for the +25° and -25° fibers the influence of indirect light when the second lighting scenario is applied is small compared to that of the direct light (first lighting scenario). Measurements were carried out after the fluorescent lamps were stabilized which was 30 minutes after the luminaires were turned on (differences in three sequential measurements were below 5%).
Figure 9. The lighting scenario in test room 1 with both luminaires (LumW&C) switched on t (left) and the measured practical FOV of every fiber (right).
Figure 10 compares the relative contributions to the total spectral irradiance measured by the +25° and -25° fibers when the first lighting scenario was applied. In the case that only LumW was switched on, it was expected to observe a slight increase of the relative spectral data measured by the -25 o fiber due to its slightly higher practical FOV. However, the results show that the slight increase in the relative spectral data belongs to the +25 o fiber. This might be due to a minor misalignment of the MuS relative to the luminaire wall. Note that, for example, a misalignment of the vertical axis of only 2 degrees would already result in approximately 24% difference in the relative contribution to the total spectral irradiance. In order to evaluate the influence of indirect light, the second lighting scenario was tested with both LumW and LumC switched on as shown in Figure 11 . Comparing Figure 11 and Figure 10 show that the influence of indirect light (Lumc) with different spectral characteristics on the relative contributions to the spectral irradiance of the +25° and -25° fibers is very small. The very small spectral influence of the LumC with a high power in the wavelength range around 460 nm, can be seen in the Figure 11 . Moreover, comparing the relative spectral data of these two fibers, one can also observe the influence of distance from the indirect light source on the spectral measurements. 
Dynamic lighting condition
The proposed measurement method and instrument were tested for its performance in a dynamic lighting condition, by placing the MuS in test room 2, see Figure 13 . The MuS was located in the middle of the daylight opening on the right side with an unobstructed view of the sky. By doing so, three of the fibers were facing a nature view. The view of the 0° fiber contained mainly vegetation, while the sky was the main scenery for the +25° fiber. The +50° fiber partially faced the sky and the ceiling. The -25° fiber faced the windowsill and the wall below the daylight opening. The measured practical FOV of every fiber and the approximated viewing area are also shown in Figure 13 . Figure 15 shows the relative contributions from every fiber to the total irradiance at three hours (9:00, The 0° fiber, however, collected its contribution to the irradiance mostly reflected from the vegetation in front of the window. As a result, the Ee,v value is 20% and 15% higher for this fiber compared to the Ee,c and Ee,m values respectively. The irradiance and weighted irradiance contributions are the lowest for the -25° fiber as it faced mainly the wall below the daylight opening. Although the Ee,c and the Ee,m contributions from the +50° fiber are higher (79% and 61%) compared to that of the 0° fiber, the Ee,v contributions from these two fibers with 5% difference is comparable. Figure 19 shows the contributions to the irradiance (Ee) from the FOV of all fibers during office hours 
Discussion
The abovementioned results show the contributions to the irradiance and weighted irradiances from the When the MuS is in the vertical position, the -25° fiber represent the superior retina while the +25° and +50 fibers represent the interior and extended interior retina respectively. In the experiment with daylight as the primary light source, the inferior retina received the highest radiation throughout the day with maxima at wavelengths between 400 and 500 nm that may positively influence the magnitude of NIF effects. The superior retina, on the contrary, received the lowest radiation, mostly from internal reflections.
The spectral characteristics of the radiation received by the superior retina are typically representative of the objects outside the window or inside the room, with less pronounced maxima at the shorter wavelengths. In such a setup, they possibly have less impact on the NIF effects.
A continuous multidirectional spectral measurement shows that the magnitude and the spectral characteristics of radiation received by the superior and inferior retina throughout the day depend on the weather condition and the outside view. The post-processed data from pilot daylight measurement showed that the contributions to the irradiance and the weighted irradiances received by the inferior retina compared to the superior retina were up to 26 times higher. Therefore, in this setup they may have the higher impact on the NIF effects. 
Conclusions and recommendations
The proposed measurement method and instrument enables a better understanding of NIF characteristics of illumination in indoor spaces by taking into account light directionality, spectrum, and relevant radiometric quantity. The MuS is capable of performing spectral measurements in four directions in seconds rather than couple of minutes if only one spectrometer was used for sequential measurements. In doing so, it is possible to study the spectral and directional characteristics of fast changing daylight.
Results from pilot daylight measurements showed, that the MuS is a fast and reliable to perform spectral measurements for different directions for indoor daylight measurements under overcast and clear sky conditions. The adjustments of the integration time were done accordingly. Moreover, the practical FOV of the fibers is small enough to exclude overlap of the fields of view, and to show the influence and thus the importance of simultaneous multidirectional spectral measurements. The MuS can be used for longterm lab or field measurements to align NIF effects with measured spectral data from different directions.
